ABSTRACT Research has shown that trace elements, such as Se, Mn, and Zn, can alter reproductive functions. The aim of the current study was to evaluate the sperm quality index (SQI) and sperm viability as affected by various levels and sources of Se, Mn, and Zn when added in vitro to broiler breeder semen. In vitro treatments consisted of the following sources and levels of minerals: Control, no minerals added to sperm; seleno L-methionine, 4 levels ranging from 8.78 to 7,896 µg/L; sodium selenite, 4 levels ranging from 8.78 to 7,896 µg/L; MnSO 4 , 8 levels ranging from 6,500 to 65,000 mg/L; Zn 180 (Zinpro Corporation), 4 levels ranging from 0.65 to 650 mg/
INTRODUCTION
Deficiencies of the trace minerals Se, Zn, and Mn have been linked to impaired reproductive performance in male and female farm animals (Smith and Akinbamijo, 2000) . Research has shown that trace elements such as Mn, Zn, and Se can alter reproductive functions in vivo. However, very limited research exists regarding the direct effects of these trace elements on avian semen quality in vitro.
A selenoprotein contributes to the stability of spermatozoa; therefore when there is a Se deficiency, the quality of the sperm is decreased (Leonhard, 2000) . For many years, reports have shown that Se deficiencies can cause impaired male fertility in cattle, boars, rats, and mice. In particular, Se-deficient cattle exhibit reproductive disorders, including weak or silent periods, delayed conception, poor fertilization, cystic ovaries (Corah and Ives, 1992) , reduced sperm motility, mastitis (Olson, 1995) , and reduced uterine motility (Smith and Akinbamijo, 2000) . Surai (2000) reported that Se-dependent 2005 Poultry Science Association, Inc. Received for publication May 19, 2004 . Accepted for publication October 11, 2004. 1 This is Journal Article Number J10531 from the Mississippi Agricultural and Forestry Experiment Station. Use of trade names in this publication does not imply endorsement by the Mississippi Agricultural and Forestry Experiment Station of the products, nor similar ones not mentioned.
2
To whom correspondence should be addressed: cmcdaniel@ poultry.msstate.edu. 100 L; and ZnSO 4 , 4 levels ranging from 0.65 to 650 mg/L. The addition of 7,896 µg of sodium selenite/L to semen was detrimental to sperm motility. Also, MnSO 4 adversely affected SQI and sperm viability at concentrations of 6,500 mg/L and greater. Sperm viability was decreased when 650 mg/L of Zn 180 was added to semen. Sperm motility was depressed by exposure to Zn 180 at 650 mg/ L and ZnSO 4 at 65 and 650 mg/L. Our results suggest that these trace minerals must act at the reproductive tissue level during spermatogenesis to improve semen quality. Direct in vitro application of these elements to semen appears to be detrimental to spermatozoa. glutathione peroxidase is an essential component of the antioxidant system in avian semen. Research has shown that the main problem to arise in Se-deficient spermatozoa is an imprecise architecture of the sperm midpiece (Flohe et al., 2001) .
Although the Se concentration in avian semen is not known, Heimann et al. (1983) reported a Se concentration of 0.461 mg/L in bull semen. After administration of Se to bulls, Se concentrations of semen and various tissues increase; however, supplementation does not influence semen quality (Bartle et al., 1980) , Se content, or sperm cell viability (Segerson and Johnson, 1979) . Research has shown that in Se-deficient mice, the percentage of abnormal sperm greatly increases (6.8 to 49.6%) compared with that of the control (4.0 to 15.0%; Watanabe and Endo, 1991) . Edens and Sefton (2002) , found a decrease in normal sperm from 98.0 and 97.7% to 91.9 and 85.4%, when broiler breeders were fed SeMet compared with sodium selenite, respectively.
Selenium added directly to spermatozoa in vitro also alters sperm function. Incubation of ram spermatozoa with selenite, Se-Cys, or Se-Met ranging from 10 −6 to 2.5 × 10 −5 M, significantly improved sperm motility and oxygen consumption (Alabi et al., 1985) . On the other hand, Marin-Guzman et al. (2000) observed a decline in boar sperm motility when 0.3 to 0.9 ppm of Se was added to semen samples.
Abbreviation Key: SQI = sperm quality index.
Conversely, reports have shown that the male reproductive system is quite sensitive to excessive levels of Se. Ingestion of 2 to 4 ppm of Se for 5 wk by the house rat caused a dose-dependent reduction in testicular and cauda epididymis weights as well as body weights. In the same experiment, sperm concentrations, motility, and percentage of live spermatozoa decreased, with an immediate increase in the percentage of atypical sperm (Kaur and Parshad, 1994) .
It has been known for decades that Mn is abundant in bones and mitochondria, and that a Mn deficiency may cause symptoms such as impaired or depressed reproductive functions when dietary or tissue concentrations of Mn are low (Rojas et al., 1963; Anke and Groppel, 1970; Anke et al., 1973; Underwood, 1977) . Cao et al. (1990) found that lactic dehydrogenase activity in the testes was reduced in birds fed 300 ppm of Mn; and birds fed 0 and 300 ppm of Mn had 35.1 and 31.6% fewer spermatozoa per gram of testis, respectively, as compared with birds fed 100 ppm. A study by Lapointe et al. (1996) demonstrated an increase in sperm motility by 53% when MnCl 2 was added directly to bovine semen at 12.5 mg/L.
Impairment of reproductive function in the presence of Zn deficiency has been widely reported (Chesters, 1978; Hidiroglou, 1979; Apagar, 1985) . A role for Zn in reproduction may be as a vital component of enzymes involved in steroidogenesis. It has been shown that Zn may act indirectly through the pituitary to influence gonadotropic hormones (Hurley and Doane, 1989) . When there is a Zn deficiency, research has shown that the amount of Zn found in the testis, epididymis, and dorsolateral prostate are reduced (Millar et al., 1958) . Although semen and its components are high in Zn, the link between semen quality and Zn is not completely apparent. Calvin et al. (1975) found that Zn is concentrated in the tail region of the sperm. Studies show that Zn is crucial in membrane stability and for mechanical properties of accessory fibers, tail morphology, and sperm motility (Swarup and Sekhon, 1976) . It has also been shown that Zn is involved in the control of sperm motility through its association with ATP in contraction and its regulation of phospholipid energy reserves (Hidiroglou and Knipfel, 1984) . Bakst (1985) demonstrated that adding 110 mg/L of ZnSO 4 in vitro to turkey semen suppresses sperm O 2 uptake, but does not affect sperm fertility. Therefore, Zn may function as a metabolic inhibitor in turkey sperm, thereby decreasing sperm motility and prolonging survivability in the sperm storage tubules (Bakst, 1985; Bakst and Richards, 1985) .
The current research was conducted to determine the direct in vitro effects of Mn, Zn, and Se on broiler breeder sperm. By understanding these in vitro effects, additional information may be gained about the mechanisms these minerals use to bring about their effects within the rooster's reproductive tract.
MATERIALS AND METHODS
Twenty-eight Cobb broiler breeder males were obtained from a local integrator, housed in individual cages, and maintained at 24°C during this experiment. The birds were 52 to 64 wk of age during the trial. They were fed the Mississippi State University male breeder diet (3,080 kcal of ME/kg, 13.9% CP, and 1% Ca) and were feed restricted according to the primary breeder's recommendations. All males received 16 h of light immediately upon placement.
Three experiments, one each for evaluating Se, Mn, and Zn, were conducted. For each experiment, the semen samples from 28 males were pooled to give a composite semen sample. The common semen pool was then divided up into 9 smaller pools for 9 treatments so that any pretreatment variation in sperm concentration, viability, or motility across treatments would be reduced. The average sperm concentration was 6.7 billion sperm per mL for the original sample. Immediately following collection, the semen samples were incubated at 37°C.
In experiment 1, Se was tested using Se-Met and sodium selenite sources at the following levels for both (µg/L): 8. 78, 78.96, 878, and 7,896 . In experiment 2, Mn was tested using a MnSO 4 source with the following levels (mg/L): 6,500, 15,000, 23,000, 32,000, 40,000, 48,000, 57,000, and 65,000. Zinc was tested in experiment 3 using Zinpro Zn 180 3 and ZnSO 4 at the following levels for both sources (mg/L): 0.650, 6.5, 65, and 650. Controls containing no added trace minerals were also represented in each experiment. Because of trace mineral additions, semen samples were ultimately diluted 2-fold compared with the original sample. Following additions of trace elements, semen samples were kept in open vials at 37°C throughout each experiment.
Overall semen quality was assessed by the Sperm Quality Analyzer, 4 which produces the sperm quality index (SQI). The SQI is generated from disruptions in a light path created by sperm movement within a capillary tube (McDaniel et al., 1998) . The SQI was obtained for each treatment every 15 min for 2 h. Three semen pools, from each treatment at each incubation time, were evaluated for SQI simultaneously on 3 Sperm Quality Analyzers using the method of McDaniel et al. (1998) . The CV across these 3 machines was 3.6%. Immediately before SQI analysis, semen was further diluted 5-fold with physiological saline, resulting in a 10-fold dilution of the original semen sample. For each analyzer, treatments were randomly tested. Sperm viability was obtained in duplicate every 30 min of incubation for each treatment using the method of Bilgili and Renden (1984) .
To provide experimental replication, the entire study was repeated with 32-wk-old Ross males. Therefore, the 2 times of replication served as blocks in a randomized complete block design with a split plot over incubation time. To further analyze data over incubation time, lin- ear and curvilinear regression was used. Linear and quadratic slopes, as well as intercepts were partitioned using Fisher's Protected LSD (Steel and Torrie, 1980) .
RESULTS AND DISCUSSION

Experiment 1-Selenium
As expected, the SQI of the control sample in every experiment deteriorated with increasing length of incubation due to declining sperm motility and sperm viability (Figure 1, 2, and 3) . The SQI was unaffected by addition of Se except at the highest level of sodium selenite (Figure 1) . The highest level of sodium selenite (7,896 µg/L) was detrimental to the SQI after 45 min of testing as shown by a rapid linear decline in SQI with incubation time. When averaged over the entire incubation period, the SQI was depressed 32% by the highest level of sodium selenite compared with the control. By 120 min of incubation, very little sperm movement (SQI = 87) was detected in the semen sample containing the highest level of sodium selenite. However, for the control sample, the SQI was 327 units at 120 min of incubation.
Secondary to the SQI data, the percentage of dead sperm increased with incubation length in every treatment (Figure 1) . However, exposure to Se-Met or sodium selenite did not alter the percentage of dead sperm.
It is apparent that Se at high levels is very detrimental to avian sperm motility. Seleno L-methionine and sodium selenite were evaluated at the same concentration. However, the amount of Se per gram of Se-Met was 13% less than that in sodium selenite due to the greater molecular weight of methionine. The difference in actual Se content in these 2 treatments may explain the disparity in results for the 2 treatments.
Experiment 2-Manganese
When averaged over all incubation times, the SQI for MnSO 4 at every level was significantly less than that of the control (Figure 2) . Also, all MnSO 4 treatments yielded a quadratic decline in SQI over incubation time, whereas the SQI for the control sample declined linearly and slowly with incubation time. Once the Mn level exceeded 32,000 mg/L there was a drastic decline in SQI with incubation time, with the slopes being considerably Linear slopes, quadratic slopes, y-intercepts, or means in a column with different superscripts are significantly different at P < 0.05. The SQI means in the table represent 2 replicates per treatment averaged over 9 incubation times (n = 18, SEM = 7.4). The percentage dead sperm means in the table represent 2 replicates per treatment averaged over 4 incubation times (n = 8, SEM = 1.9).
higher than those of the lower levels. Even at the very beginning of incubation, the SQI for the 65,000-mg/L level was only 108 units compared with 403 units for the control. By 15 min, the 65,000-mg/L treatment exhibited no sperm motility, as evidenced by an SQI of zero.
Similar to the SQI, the percentage of dead sperm increased steadily with increasing concentration of MnSO 4 (Figure 2 ). For every treatment, the percentage of dead sperm increased linearly with incubation. The rate of linear incline in the percent of dead sperm was greatest for the 57,000 and 65,000 mg/L treatments.
Manganese levels of 6,500 mg/L and greater were toxic, as indicated by avian sperm motility (SQI) and viability. Using bovine semen, Lapointe et al. (1996) , found an increase (53%) in sperm motility with exposure to MnCl 2 (12.5 mg/L). Before conducting the current study, a pilot trial was conducted using Mn levels from 0.0065 to 6,500 mg/L that were similar to those of Lapointe et al. (1996) . Results from that experiment revealed no significant effects of low Mn concentration on avian sperm motility or viability.
Experiment 3-Zinc
The SQI was depressed for semen samples exposed to Zn 180 or ZnSO 4 at levels higher than 65 and 6.5 mg/ L, respectively, when averages over semen incubation time were examined (Figure 3) . Additionally, the rate of decrease in SQI over incubation time was exacerbated by exposure of semen to the highest level of Zn 180 and ZnSO 4 . By 105 min of incubation, the semen sample exposed to Zn 180 at 650 mg/L exhibited no motility, as evidenced by an SQI of zero.
When averaged over all incubation times, the percentage of dead sperm was increased by exposure to the highest level of Zn 180 (Figure 3) . Also, this level of Zn 180 produced a more rapid linear increase in the percentage of dead sperm with increasing length of in- cubation. Through 60 min of incubation, Zn180 at the highest level yielded sperm viability results consistent with the control. After 60 min of incubation, the percentage of dead sperm for this level increased significantly as compared with all other treatments.
The findings of this experiment are in partial agreement with the research of Blesbois and Mauger (1989) . Blesbois and Mauger (1989) found that Zn concentration in the seminal plasma of fowl was 1 to 3 mg/ L and was unaffected by age. In the same study, Blesbois and Mauger found that Zn concentrations of 1, 3, and 9 mg/L in storage medium had no effect on sperm motility. However, in young birds, Zn reduced the fertilizing ability of stored spermatozoa at the 2 highest concentrations. All Zn concentrations reduced fertilizing ability when tested in older birds. Bakst (1985) showed that Zn could depress O 2 uptake by sperm when added to avian semen in vitro. Interestingly, at the highest level of Zn 180, during the first 60 min of incubation in the current study, sperm motility dropped dramatically, whereas viability was unaffected. Therefore, sperm became immotile before they died due to Zn exposure. This depression in motility may be due to a reduction in oxygen uptake as reported by Bakst (1985) . Apparently, Zn added in vitro does not kill avian sperm until exposure is greater than 65 mg/L. However, it does decrease motility at levels greater than 0.65 mg/L.
In conclusion, Se, Mn, and Zn appear to be detrimental to overall rooster semen quality when added to semen in vitro. The beneficial effects of supplementation with these minerals as reported in earlier in vivo studies might indicate that the minerals indirectly improved semen quality by acting at the reproductive tissue level during spermatogenesis, rather than acting directly on the spermatozoa. Additional in vivo research should be conducted to determine the manner in which these minerals improve semen quality.
